A computer program has been developed to study the lattice dynamics of molecular crystals in the harmonic approximation with the external Born-yon KS.rm~n formalism and an atom-atom potential function. Dispersion curves are obtained for monoclinic phenothiazine together with frequency distribution functions and external mode contribution to thermodynamic functions. Lattice dynamical T, L and S rigid-body tensors are obtained and individual thermal tensors are compared with experiment. The disagreement with respect to experimental results is of the same order as the disagreement with a Schomaker-Trueblood fit of experimental data.
Introduction
Lattice dynamics in molecular crystals has been the subject of increasing investigations in the past years, and recently has advanced a great deal with the availability of neutron inelastic scattering experiments. As a result a greater amount of experimental data is at our disposal for comparison with theoretical dynamical model calculations. In conjunction with crystallography, lattice-dynamical calculations are an alternative way to obtain atomic mean-square vibration tensors, which are also obtained in the crystal structure analysis process. Here very good results have been obtained by using a potential function model for the crystal of a sum of atom-atom interactions, especially for aromatic hydrocarbons, where atom-atom potential functions, involving C and H atoms, are best established. In this paper we perform a lattice-dynamical calculation of thermal crystallographic parameters of a substance where atoms different from C and H are present, though as a minor part.
In a previous paper (Estrada, Conde & Mfirquez, 1983) we applied successfully the atom-atom device to the study of the theoretical equilibrium configuration of phenothiazine crystals by means of crystal packing-energy calculations and, as a logical step, we have extended the method to the study of the lattice dynamics of these crystals. This is not a trivial step since lattice dynamics requires more restrictive condi-* This work forms part of the doctoral thesis submitted to the Universidad de Sevilla.
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Method of calculation
Lattice-dynamics vibrational modes for molecular crystals where the rigid-molecule hypothesis is valid are obtained in a straightforward way within the harmonic approximation, i.e. small molecular displacements. Here the external Born-von K4rmdn formalism can be applied by considering each molecule as a solid with six degrees of freedom: three translations and three rotations, arriving at the eigenvalue equation (Born & Huang, 1954) O(q)U(q) = to2(q)U(q), where these modes are plane waves with angular frequency o., and wave vector q. The amplitude vector U has 6Z components and is complex in general, Z is the number of molecules in the unit cell. D(q) is the dynamical matrix, with dimensions 6Z x 6Z, and whose elements can be written explicitly as
where k and k' label the different molecules in the unit cell, i and i' mean either translational or rotational displacements, a and /3 stand for x, y, z components referred to the molecular principal axes of inertia and m'~(k) is the mass of the molecule k or the principal inertia moment Is; x(/k) is the position vector of the centre of mass of molecule k "' Ilk l'k') represents the tensor in the unit cell I and q~ , of force constants whose components are the second derivatives of the potential energy of the crystal with respect to the molecular displacements u~(Ik) and u~(l'k') of molecules k and k', each referred to its own principal axes.
In order to perform this study we have written a Fortran program following the method of Pawley (1972) , within the harmonic approximation, in which, from the crystal structure and using a pairwise potential model, force constants are calculated analytically as a function of rotational and translational coordinates. 'Self-terms', i.e. force constants relating two displacements belonging to the same molecule, can also be obtained analytically, but a slight modification in the formulae is necessary (Chaplot, Sahni & Rao, 1981) to take into account second-order rotational displacements when obtaining atomic displacements, so we have maintained its calculation from the invariance conditions (Venkataraman & Sahni, 1970) , which are known to give correct results if the crystal structure satisfies the equilibrium conditions for the chosen pairwise potential function (Neto & Kirin, 1979) . Once the force constants are known the program constructs the dynamical matrix for any desired wave vector inside the Brillouin zone, whose diagonalization with an extension of the Householder procedure to hermitian matrices (Pawley, 1970) gives us the vibrational frequencies and the wave amplitudes or polarization vectors.
Potential energy functions
The potential energy of the crystal is assumed to be the sum of atomic pair contributions, each pair formed with atoms belonging to different molecules. A central energy functional form is adopted for every pair, in a Buckingham form: V(r)=-A/r6+ B exp ( -Cr). Here A, B and C are constants, empirically adjustable, and depending on the chemical nature of the atoms involved. In order to reduce the number of independent parameters, it is customary to use combination laws for parameters of mixed interactions, such as the geometric-mean law for attractive and repulsive terms separately (Mason & Rice, 1954) . Nevertheless, as pointed out by Mirskaya (1973) , it is more correct to establish the geometric mean law for the whole interaction energy, leading to different combination rules. We have maintained the geometric law for A; the arithmetic law for C and B has been adjusted in order to obtain the arithmetic mean for the position of minimum energy. This method yields potential curves which are very close to those of Mirskaya, with the advantage of allowing the use of Williams (197 l) convergence methods for lattice sums.
Application to phenothiazine
We have centred our attention on the monoclinic modification of phenothiazine, space j~roup P21, a --7.82 (3), b=5.93(1), c=10.70(8) A, fl=105-99 ° (Bell, Blount, Briscoe & Freeman, 1968) and two molecules per unit cell. A great variety of potential parameters are available in the literature to describe the interactions of C and H atoms. We have selected set IVa of Williams (1967) which has been used successfully for obtaining thermal crystallographic parameters in aromatic hydrocarbons (Filippini, Gramaccioli, Simonetta & Suffritti, 1973; Gramaccioli & Filippini, 1983 ). We have also tested Williams (1972) parameters and Mirskaya, Kozlova & Bereznitskaya (1974) parameters; even though both of them predicted an equilibrium configuration as close to the experimental one as the first set, calculated thermal parameters were slightly worse for the Williams (1972) set, and rather worse (some diagonal thermal parameters twice their experimental values) for the Mirskaya et al. parameters, indicating that lattice-dynamics calculations are more critical with respect to potential parameters than packing calculations. For N and S atoms few sets are available in the literature and their transferability to a wide range of compounds is not well established. Nevertheless, in our case, from 284 intermolecular contacts less than 4 ,~, only 21 involve S and N atoms (the shortest contact distances are: S...N 3.703, S...C 3-491, S...H 3.185, N...C 3.767 and N...H 3.122,~) and their importance is expected to be small. We have selected Mirskaya & Nauchitel (197 l, 1972 ) parameters for S and N atoms, which are recommended by Mirsky (1978) because they fulfil the necessary requirements about intermolecular distances, sublimation heats etc. All potential parameters are shown in Table l , where we observe that the equilibrium distances are larger than the sum of the corresponding van der Waals radii, but it is known that atoms in molecular crystals are compressed with respect to their free state and it is the distance at which the energy is zero (when the slope of the curve, i.e. the repulsive force, attains a large value) rather than the minimum-energy distance, the magnitude of which is approximately equal to the sum of the van der Waals radii.
The C--H experimental bond lengths were normalized to a value of 1-09 ~, and the corresponding experimental values were kept constant for angles involving hydrogen. Before obtaining frequencies a process of energy minimization was considered to be necessary for this purpose. The program WMIN (Busing, 1972) has been used. A translation of molecular mass centre of 0.05,~ and a rotation of 1.4A starting from the experimental structure is sufficient to reach the equilibrium and constitutes a first test of the goodness of the potential functions. A cut-off energy distance has been used in order to save computational time and a value of 6 ,~ has been chosen as enough to ensure stability in packing and dynamical results.
The Brillouin zone (BZ) for monoclinic phenothiazine (Bradley & Cracknell, 1972 ) is shown in Fig. 1 and the dispersion curves obtained for the binary symmetry direction A are shown in Fig. 2 . Along this direction, and as a result of group theory, two representations are allowed and the branches can be labelled as S or A, indicating a symmetric or antisymmetric character with respect to the rotation axis, and at the zone frontier, q = rrb* pairs of S and A branches coincide because of the temporal inversion symmetry, the frequencies being degenerate at this point. Of these 12 branches three are acoustic, with to = 0 for q = 0. Frequency distribution functions car, be obtained by performing dense sampling inside the Brillouin zone. In our case we have chosen a division of each reciprocal basis vector into 24 parts and a frequency channel of 1 cm -~ for a histogram representation. Sampling has been reduced to the irreducible part of the BZ (3456 points) and the total external mode contribution, together with the translational and rotational contributions, are shown in Figs. 3, 3(a) and 3(b).* An important translational centribution is observed at low frequencies due to the acoustic modes; on the contrary, at high frequencies the most important contribution is rotational, although in neither case are there purely translational or rotational modes. The Debye parabolic approximation holds for frequencies below 1 THz, where only acoustic modes are present. From the frequency distribution it is easy to obtain the contribution of the external modes to the different thermodynamic functions. From statistical mechanics theory, for a harmonic crystal, the Gibbs potential is found to be
+~ E htoj(q)/2 + Epack +pV, q J
where j stands for the different modes (6Z for each wave vector q), co is the angular frequency, Epack is the packing energy, ks is the Boltzmann constant, T, p and V are temperature, pressure and volume, respectively. The sum over q can be replaced by introducing the factor 6NZ g(to), where g(to) is the density of modes normalized to unity. For the vibration energy the following expression is obtained:
where the second term is the zero-point-motion energy. 
The internal energy U can be obtained as U = Evi b + Epack and the entropy as S = ( U -F)/T, where
F is the Helmholtz free energy. The Ewald-BertautWilliams convergence method (Williams, 1971) has been utilized to eliminate cut-off effects in lattice sums (-Air 6 long-range term, strictly speaking). Cut-off distances of 6A in direct space and 0.6A, -~ in reciprocal space and a convergence constant of 0.27 have been assumed, giving a value of 6-17 kJ molwith an estimated relative error of 10 -4 with respect to the infinite limit in the lattice sums. The energy value obtained with a maximum distance of 6/~ in direct space represents 75% of the whole crystal energy. According to our calculations thermodynamic values at 300 K and 1 atm (1 atm = 0.1013 M Pa) are: G=-7.37, Evib=0.86, U=5-31kJmol -~ and S= 6.87 J mol -~ K -~. The term pV is negligible, so F and G values are the same. Results are rather insensitive to sampling density and a mesh of six points per axis yields identical values, probably due to the average character of thermodynamic functions over the Brillouin zone (see also . Unfortunately, we lack vibrational or thermodynamic experimental data for comparison with our results.
Thermal motion
The thermal vibration parameters are obtained experimentally in the crystal structure analysis. Tensors T, L and S (Schomaker & Trueblood, 1968) are defined to describe the mean rigid motion of molecules in the crystal. In terms of lattice dynamics they may be obtained with the following expressions (Willis & Pryor, 1975) :
where N represents the number of unit cells in the crystal, i.e. the number of allowed q vectors inside the Brillouin zone when boundary cyclic conditions are adopted, Ej(q) the energy of the mode (q j) (kBT, in the high-temperature limit), e'(qlkj) and er(qlkj) represent the translational and rotational components relative to molecule k of the polarization vectors normalized to unity. If the crystal has a finite size, the sums over the wave vectors inside the BZ can be expressed as integrals; their values may be obtained by dividing the BZ into volume elements and by approximating the integral over an element by the value of the integrand in its centre multiplied by its volume. Nevertheless, this method implies that the variation of the function through the field should be smooth. Actually, the frequencies of acoustic modes tend to zero for q-> 0, and the integrand becomes divergent, though the integral remains finite because the number of these modes also tends to zero when q-->0. To overcome this problem two methods have been proposed: the first one (Filippini, Gramaccioli, Simonetta & Suffritti, 1976 ) uses non-uniform sampling with a greater density near the origin; and the second one an even sampling with an analytical evaluation of the integral over the element centred on the origin (Kroon & Vos, 1978) . We have chosen the second method in which the origin element is surrounded by 26 volume elements, forming a large macrocube. These elements can be classified into three types: (a) centred on the faces of the macrocube; (b) centred on the edges; (c) centred on the vertices. If a linear behaviour of the acoustic branches through the macrocube is supposed, it is possible to obtain the contribution of the origin element from the contributions of the 26 elements, approximating the q -> 0 element by a sphere inscribed in it. We have found this contribution to be
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positive sense and c* complete. Nevertheless, because of the uneven number of divisions in each axis (including the q~0 element), multiplicity of the different reciprocal planes and lines must be taken into account. In Fig. 4 we present the convergence of the principal components of T and L calculated at 300 K, where 2n +1 is the number of divisions of each reciprocal vector. Convergence is achieved very soon (n---6) and is poorer for the T tensor because the modes with q ~ 0, which are critical for convergence, are practically translational. In Table 2 we present the tensors T, L and S obtained at 300 K with 27 divisions per basic reciprocal vector and referred to the principal inertia axes of the molecule. In our case R = 0.14, a value which is similar to those c(9) encountered in lattice dynamical calculations of thermal parameters in aromatic hydrocarbons (Filippini, c ( parameters are subject to a considerable error because of the random deviations of measured intensities, which are transmitted in the least-squares structurerefinement process, and also due to the thermal diffuse scattering contribution, which introduces a systematic error. Simultaneously, even in the case of reasonably rigid molecules, there always exists a small nonrigidity, and the least-squares-fitted tensors T, L and S, which best reproduce experimental individual parameters, include non-rigid effects in some way. Anharmonicity also introduces changes which cannot be predicted in the lattice dynamical model we have adopted.
Because of these reasons we think that it is not significant to obtain an R agreement factor between calculated lattice dynamical and experimental thermal parameters lower than the one found between experimental thermal parameters and those calculated from a least-squares fit of individual experimental parameters to a rigid model. To perform this analysis we have carried out a Schomaker-Trueblood fit over individual experimental parameters and the resulting T, L and S are shown in Table 2 . We have recalculated from them the individual parameters, whose comparison with the experimental ones gives us an idea of their deviation from rigid-body behaviour. The agreement factor found is R --0.116, only slightly lower than the lattice dynamical result, so the lattice dynamical calculations are encouraging in view of the simplified hypothesis that we have adopted in our dynamical model.
In Table 3 experimental thermal parameters can be seen, together with lattice dynamical and Schomaker-Trueblood fit results.
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